Microstructure and properties of sintered metal matrix composites reinforced with sic particles Mikrostruktura i właściwości spiekanych kompozytów o osnowie metalowej umacnianych cząstkami sic Abstract Based on the prealloyed and diffusion bonded powders (Distaloy SA and Distaloy SE) different metal matrix composites reinforced with SiC particles were produced by the conventional powder metallurgy technology and the effect of varied amounts of SiC particles on microstructure evaluation and selected properties were investigated. It was stated that the mass fraction of SiC has a great effect on the density, porosity, shrinkage, hardness and wear resistance of studied composites. In the case of both Distaloy SA and Distaloy SE matrix materials, the optimum SiC content is 4 wt. % due to the highest wear resistance and hardness of sintered composite.
Introduction
Ceramic particle-reinforced metal matrix composites are an attractive group of structural materials. They have found wide use in various engineering applications, especially for aerospace, automotive, wear and cutting applications [1] [2] [3] [4] [5] [6] [7] [8] [9] . This is due to good mechanical properties as well as the combination of special properties with ease of fabrication [1, 3, 7, 10] . These industrially important composites exhibit properties which are better in comparison to metals [11] . The most interesting of these are: higher ratio of strength-to-density as well as stiffness-to-density, greater wear resistance and fatigue resistance and better elevated temperature properties [1, 6, 8, 12] .
It is worth mentioning that particulate reinforcement has some important advantages in comparison to the other types of reinforcements. Namely the production procedures are simpler and relatively cheaper, the cost of reinforcements is comparatively low, and the properties for the composite are isotropic. And finally, there is good compatibility with most practised manufacturing processes like welding, machining, deformation processing etc. [3, 9, 13, 14] . Furthermore, ceramic particles introduced into a metal matrix can greatly enhance the mechanical and tribological properties as well as the anti-corrosion behaviour of such composites [15, 16] . The most common types of particulate reinforcements are oxides (Al 2 O 3 ), carbides (SiC, TiC, WC) and borides (TiB 2 ) [1, 5, 10, 12, 16, 17] . Particle-reinforced MMCs typically contain less than 25 vol. % ceramic reinforcement. The typical dimensions of the most frequently used ceramic particles are within the range between 1 and 100 µm.
Particle-reinforced MMCs can be produced by both solid state (powder metallurgy technology) [1, 2, 4, 5, 10, 11, 14, 15, [17] [18] [19] [20] [21] and liquid phase techniques (stir casting) [3, 8, 12, 13, 16] . It should be pointed out that powder metallurgy technology ensures some advantages, namely: lower energy consumption, higher raw material savings, near net-shape or net-shape parts fabrication, part dimensional accuracy, lower cost, simpler equipment for processing and shorter processing times and of course higher composition uniform distribution and a wide range of composition selection for the metal matrix, which is important in the case of production of MMCs [1, [17] [18] [19] [20] .
Based on a review of the literature, it can be stated that most papers relate to the lightweight metal matrix composites [4-6, 8-13, 16] . It can be noted that aluminium and aluminium alloys are the most popular matrix for particle-reinforcement MMCs. They are very attractive materials due to their low density, their capability to be strengthened by precipitation, good corrosion resistance, high thermal and electrical conductivity, and high damping capacity [8, [11] [12] [13] . For these reasons, aluminium and aluminium alloy matrix composites have been extensively investigated in terms of preparation methods as well as parameters affecting the mechanical and tribological properties, and corrosion behaviour as well as microstructure evolution [4-8, 10-12, 16] . Generally, researchers have focused on the influence of the chemical nature of ceramic reinforcements and the chemical composition of the matrix on the microstructure as well as the properties of these composites.
Nevertheless, it should be emphasized that there is a growing interest in iron-based matrix composites. In these MMCs, iron [17] [18] [19] , low-alloyed steels [1, 2, 14] , tool steels as well as stainless steels [7, 15, [21] [22] [23] [7] . Furthermore these materials are easy to fabricate and costs are not high.
Analysis of the literature [17] [18] [19] leads to the conclusion that the type and particle size of carbide as well as sintering temperature have an influence on the mechanical properties of the sintered Fe-carbide composites. In the case of sintered Fe -(5 wt. %) SiC composites, the properties such as tensile strength and hardness increased with decreasing carbide particle size (in the range of 20-32 µm) and increasing sintering temperature (in the range from 1100°C up to 1200°C) [18, 19] . Moreover the tensile strengths and hardness of these materials were higher than those of the sintered Fe-WC composites. According to [17, 19] the microstructure of sintered Fe -carbide composites strongly depends on the sintering conditions. It was observed that some SiC particles contacting with iron particles may decompose during the sintering process, and then silicon and carbon atoms can diffuse into iron particles which results in the formation of a new phase [17] [18] [19] . It was found that the sintering temperature to 1000ºC assured the preservation of SiC particles, while sintering temperature to 1150°C caused the appearance of Fe 3 Si, cementite or perlite. It was also reported [17] [18] [19] that some iron silicides (for example, Fe 3 Si, FeSi, and FeSi 2 ) can be formed during sintering as a consequence of the reaction between iron and SiC. Moreover, the introduction of too much SiC powder (more than 8 wt. %) caused the formation of liquid during sintering [17] . The aforementioned decomposition of SiC particles caused the growth of the voids surrounding the SiC particles as well as a decrease in the SiC particle size [18, 19] . While in the case of Fe-WC, Fe-TiC, and Fe-VC composites, carbide particles were stable during heating up to 1200°C. But sintering at a temperature above 1250°C caused decomposition of carbide and reaction between iron and carbide [18, 19] . Therefore, no improvement in the mechanical properties was observed.
There are also some studies on metal matrix composites reinforced with SiC particles . Al/Al alloy -SiC [1, 3-6, 8-13, 16] , Fe -SiC [17] [18] [19] as well as steel -SiC [1, 2, 7, 14, 15, [20] [21] [22] [23] composites should be primarily listed. It is known that silicon carbide possesses high hardness and good wear resistance, high strength, good thermal characteristics and also resistance to oxidation at high temperatures and a very attractive cost [1, 8, 15] .
For instance, papers [17, 20] are related to sintered Fe -SiC and 316L steel -SiC composites. In the case of these studies, the content of SiC varied in the range of 0% up to 10%. The addition of silicon carbide particles decreased the sintered density of Fe -SiC and also 316L -SiC composites. The mechanical properties (UTS, yield strength, elongation, hardness) of the sintered 316L -SiC composites were higher than those of sintered 316L steel. Furthermore, the mechanical properties increased with increasing SiC content [20] . The sintered Fe -SiC composites exhibited an increase in UTS, yield strength, and hardness similar to sintered 316L -SiC composites [17] .
Due to their properties, the low and medium alloyed steels including Distaloy and also Ancorsteel are widely used in the production of sintered components such as complex, precise, high strength machine parts [14, [24] [25] [26] [27] . Distaloy is a prealloyed and diffusion bonded powder. This means that the alloying elements i.e. copper, nickel and molybdenum are bonded in particulate form to the basic iron particles. This powder production process, as well as balanced nickel and copper contents, provides the minimum segregation and also contribute to dimensional stability [24] . Distaloy is today widely used in applications demanding high strength and wear resistance. It turns out that low and medium alloyed steels are also good candidates for matrix of MMCs (especially with wear properties) [14, 25, 26] . But thus far there have only been very few papers relating to these particulate-reinforced MMCs [1, 2, 14] .
The microstructure and mechanical properties of sintered Distaloy DC -SiC composites were studied [2] . It was stated that the increase in SiC p content (from 0.5 wt. % to 1 wt. %) decreased the density of sintered Distaloy DC -SiC composites but improved their hardness and wear resistance.
Articles [1, 14] deal with Distaloy SA and Distaloy AE MMCs reinforced with SiC particles in an amount of 20%. It was stated that these composites exhibited higher hardness and wear resistance, as well as mechanical properties in comparison with sintered Distaloy steels.
In this study different Distaloy matrix composites reinforced with SiC particles were produced using the conventional powder metallurgy technology. They were prepared from prealloyed and diffusion bonded Distaloy SA and Distaloy SE powders mixed with silicon carbide in the amount of 2 and 4 wt. %. The primary aim of this study was to determine the effect of the chemical composition on microstructure evaluation and selected properties of sintered Distaloy -SiC composites.
Materials for research
In the present studies, prealloyed and diffusion bonded powders of Distaloy SA and Distaloy SE (manufactured by Höganäs) were used. The chemical composition of these powders is shown in Table 1 . Silicon carbide (product of ALDRICH Chemistry, purity of 99.8 %) was used as particulate reinforcement. The following powder mixtures were prepared: ▶ Distaloy SA -2 wt.% SiC, ▶ Distaloy SA -4 wt.% SiC, ▶ Distaloy SE -2 wt.% SiC, ▶ Distaloy SE -4 wt.% SiC. In order to compare the results, pure Distaloy SA and Distaloy SE powders were also used in these studies.
Experimental procedure
The abovementioned powder mixtures were prepared by mixing in a Turbula® mixer for 5 hours. Then different compositions of mixed Distaloy -SiC powders and also Distaloy powders were uniaxially pressed in a rigid matrix at 600 MPa into cylindrical samples of size ∅20×5 [mm]. The sintering process was carried out in a Nabertherm furnace. All green compacts were sintered in a pure (99.9992%) and dry (dew point below -60°C) hydrogen atmosphere. The flow rate of the gas was 100 ml/min. The temperature of isothermal sintering was 1240°C. The sintering time was 60 minutes. The samples were slowly heated to the isothermal sintering temperature at a rate of 10°C/min. The cooling rate from sintering temperature to ambient temperature was also 10°C/min.
The density measurements of green compacts were carried out by the geometrical method. The density and porosity of the sintered samples were measured by the water-displacement method (according to the demands of the PN-EN ISO 2738:2001 norm).
Before and after sintering, samples were measured to estimate dimensional changes (PN-EN ISO 4492:2013-07E).
According to PN-EN ISO 4498:2010E the hardness by Vickers method was determined with the computer-aided hardness tester INNOVATEST CV-600.
Wear tests were performed by a ball-on-disc method using a T01-M tester. The various applied loads (10 and 20 N) and sliding speeds (0.12 and 0.2 m/s) and a constant sliding distance of 500 m were used. All wear tests were performed in air and without any lubricant. The wear resistance of the composites was evaluated by means of wear rate.
Metallographic cross-sections were prepared. The microstructural study of the sintered metal matrix composites was conducted with a Nikon Eclipse ME 600P Light Optical Microscope.
Results and discussion
In Figure 1a ) the effect of SiC content on green and sintered density of Distaloy SA and Distaloy SA -SiC composites are shown. Figure 1b) presents the same dependence but for Distaloy SE and Distaloy SE -SiC composites. In these composites, the proportions of the matrix and particulate reinforcement are expressed as the weight fraction because it is appropriate to fabrication. However, the weight fraction was converted to volume fraction because it is generally used in property calculations. The rule of mixture is commonly known because it helps in approximating the property values such as the density of composites. Figures 1a) and 1b) also show the values of theoretical sintered density in comparison with the measured density values of the studied Distaloy SA-SiC and Distaloy SE-SiC composites with different weight percentage of SiC.
It can be observed that Distaloy SA has higher green and sintered density in comparison to Distaloy SE, but also Distaloy SA matrix composites reinforced with SiC particles exhibit higher values of these densities relative to Distaloy SE-SiC composites.
It can be concluded that the presence of SiC particulate reinforcement caused a reduction in density (as compared to matrix materials) after pressing as well as the sintering process. By adding SiC to Distaloy up to 4 wt. % green and sintered density decrease. The decrease in density may be attributed to the low density of the SiC particles. An addition of SiC particles impedes material densification during sintering and lower relative densities were obtained for sintered Distaloy SA -SiC and Distaloy SE -SiC composites. The effect of the increased number of SiC particles on the deterioration of sinterability was also found in the case of sintered Distaloy DC -SiC composites [2] .
In the case of both Distaloy SA -SiC and Distaloy SE -SiC composites, the values of theoretical and experimental sintered density are different from each other, but the trend of density change is the same: the higher the SiC content, the lower the sintered density. It can be assumed that the SiC particles inhibit the transport mechanisms leading to densification of the matrix material during sintering. In order to designate the dimensional change, measurement of samples heights was carried out before and after the sintering process. Figure 3 presents the results obtained. It can be observed that the samples of Distaloy as well as the composites undergo shrinkage during sintering. Distaloy SA shows a slightly higher shrinkage and better densification compared to Distaloy SE. In the case of the composites, increasing SiC content up to 4 wt. % leads to raising the shrinkage, but this increase in dimensional change does not improve densification. Higher green and sintered density and smaller dimensional shrinkage were observed in Distaloy SA and Distaloy SE. The results of the hardness measurement by the Vickers method of materials studied are presented in Figure 4 . It can be observed that Distaloy SA exhibits slightly higher hardness in comparison to Distaloy SE. This is explained by the lower nickel content in the chemical composition of Distaloy SA (1.75% Ni) and higher martensite fraction. The presence of particulate reinforcement effects a significant increase in the hardness of the sintered Distaloy SA -SiC as well as Distaloy SE -SiC composites. An increasing SiC content up to 4 wt. % leads to a maximum hardness in the composites studied. The increase in hardness is related to higher hardness of SiC in comparison to the matrix materials. It can be stated that this is in accordance with the mixtures rule. The introduction of reinforcement having higher hardness to a matrix material with lower hardness leads to higher hardness of composite. and Distaloy SE -SiC composites Figure 5 shows the variation of the wear rate of the materials investigated. It can be observed that regardless of the applied loads, the wear rate of both Distaloy SA -SiC and Distaloy SE -SiC composites is significantly lower than that of their matrix materials and furthermore it decreases with the increase SiC content. It can be seen that the wear rate of the sintered steels as well as the composites increases with applied load.
This was also observed in the relationship between the hardness and the wear rate of these composites. Namely, the higher the hardness, the lower the wear rate. It can be concluded that Distaloy matrix composites reinforced with 4 wt.% SiC reach the highest hardness and wear resistance. These results are consistent with paper [2] , namely with the increase in silicon carbide particles (from 0.5 up to 1 wt. %), the micro-hardness and wear rate values of Distaloy DC matrix composites improved. It was confirmed that the microstructure of sintered Distaloy SA and Distaloy SE is a mixture of different phases: ferrite, bainite/pearlite, martensite and Ni-rich austenite [28] . This is due to the chemical heterogeneity of Cu, Ni and Mo elements and their low diffusion rate at the sintering temperature. The microstructure observation leads to the following statements. A significant difference in the morphology of porosity between sintered Distaloy and Distaloy matrix composites reinforced with SiC particles was not found. The shape and size of pores are almost the same. Practically all pores are irregular in shape and partially connected to each other.
The selected microstructures of the composites studied are presented in Figures 6-10 . 
SiC particles

The microstructure studies revealed that the microstructure of investigated materials is heterogeneous. No microstructural gradient between the surface and the centre of the sample was observed. The distribution of SiC particles is nearly homogeneous. It should be pointed out that the slight agglomeration of fine SiC particles and formation of porous structure in the areas adjacent to these particles occur in the microstructure of sintered Distaloy SA and Distaloy SE matrix composites. In the case of the composites studied, the microstructure basically consists of a mixture bainite, martensite, ferrite and, of course SiC particles on the grain boundaries. 
Conclusion
Based on commercially available grades of prealloyed and diffusion bonded powders, metal matrix composites reinforced with SiC particles were manufactured using the conventional powder metallurgy technology. The experimental results showed that the mass fraction of SiC has an impact on properties such as the density, porosity, shrinkage, hardness and wear resistance of these composites.
The nickel content in the chemical composition is the basic difference between Distaloy SA and Distaloy SE alloys. In effect, differences in densification after pressing and sintering, as well as the hardness of these materials, can be noted.
The microstructure studies revealed that the particle distribution is nearly homogeneous. Moreover, the agglomeration of fine SiC particles was observed, as was the formation of porous structure in the areas adjacent to these particles. The latter have resulted in lower densification and higher porosity of studied composites in comparison to sintered Distaloy. The green density as well as sintered density of Distaloy SA and Distaloy matrix composites decrease by increasing the particulate reinforcement whereas the open and closed porosity increase.
The hardness of these composites increases with the increasing SiC content. The increase of hardness is related to the presence of hard SiC particles on the grain boundaries of material matrix.
The results obtained show that the constituents of microstructure and hardness are important parameters affecting the wear behaviour of sintered materials. Materials with microstructure containing basically mixture of martensite, bainite and SiC particle display a lower wear rate. The higher the hardness of the investigated materials the lower the wear rate, and thus the higher wear resistance.
It was concluded that in the case of both Distaloy SA and Distaloy SE the optimum SiC content is 4 wt. % due to the highest wear resistance and hardness of the sintered composite.
